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1.  Research  Objectives 

The  development  of  many  advanced  technologies  for  aerospace  applications  (e.g., 
drag  reduction,  electromagnetic  cloaking,  combustion  enhancement,  and  magneto  gas 
dynamic  control)  relies  on  a  weakly  ionized  plasma  flow  around  the  vehicle.1.  To  help 
realize  this  goal,  experiments  were  performed  to  develop  a  novel  solid-state  device 
capable  of  providing  cold-cathode  electron  ejection.  The  Metal-Insulator-Metal  (MIM) 
heterostructure  delivers  ballistic  hot  electrons  to  the  surface  from  the  solid  side  of  the 
gas/surface  interface.2  Encasing  the  surface  of  a  hypersonic  vehicle  with  functioning 
MIM  devices  could  increase  the  electron  density  in  the  boundary  layer  surrounding  the 
vehicle. 

The  basic  design  of  the  M-I-M  device  is  shown  in  Figure  1 .  When  the  metal 
overlayer  is  biased  positive  relative  to  the  metal  underlayer,  electron  transport  through 
the  insulating  layer  occurs.  The  objectives  of  this  research  grant  were  to  fabricate 
operational  MIM  devices  and  to  measure  the  efficiency  and  kinetic  energy  distribution  of 
electrons  emitted  from  the  device. 


Metal  Overlaver 


1  Insulator 


Metal  Base  Layer 


Glass  Substrate 
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2.  Experimental  Approach 

MIM  devices  were  fabricated  in  a  novel  deposition  chamber  where  metal 
evaporation,  oxide  formation,  and  device  testing  are  conducted  in  situ.  Fabrication  of 
multiple  MIM  devices  on  a  wafer  requires  a  versatile  vacuum  chamber  for  patterning 
metalic  and  insulating  layers  in  sequence.  Figure  2  shows  the  design  of  our  experimental 
apparatus.  The  chamber  contains  a  magnetron  sputter  deposition  source,  a  five-pocket 
metal  evaporation  source,  a  two-stage  deposition  chamber,  and  the  necessary  pumps, 
valves,  and  electronics.  Through  the  load-lock  entry  system,  a  clean  substrate  is 
introduced  into  the  apparatus.  The  metal  underlayer  is  evaporated  through  a  translatable 
mask  while  simultaneously  monitoring,  with  A-resolution,  the  layer  thickness  through  a 
quartz-crystal  microbalance.  Similarly,  the  insulating  oxide  layer  is  deposited,  and  then 
finally,  a  second  metal  layer  is  evaporated  on  top  of  the  insulating  layer.  The 
composition  and  thickness  of  each  metal  layer  can  be  systematically  varied  under 


Lurbopump  Cryopump 


Figure  2.  Schematic  diagram  of  deposition  chamber. 
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computer  control.  After  the  device  is  fully  fabricated,  it  can  be  immediately  tested  for 
electron  emission  in  situ.  A  Faraday  cup  collects  the  total  emission  current  as  a  function 
of  bias  voltage,  and  a  small  hemispherical-sector  electrostatic  analyzer  disperses  the 
electrons  to  record  an  energy  distribution. 

The  performance  of  MIM  devices  is  evaluated  by  measuring  the  current  density 
and  energy  distribution  of  emitted  electrons  as  a  function  of  the  applied  bias.  Design 
optimization  of  the  MIM  structures  entails  understanding  how  device  performance  is 
affected  by  the  thickness  and  composition  of  the  metal  and  insulating  layers. 


Figure  3.  Deposition  chamber  for  fabricating  and  testing  MIM  devices. 
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3.  Results  and  Discussion 

MIM  devices  have  been  fabricated  by  two  methods  and  subsequently  tested  for 
and  demonstrated  electron  emission.  The  first  design  involved  a  50-nm  A1  film 
evaporated  onto  a  glass  substrate,  which  was  followed  by  aqueous  anodization  ex  situ  to 
form  approximately  a  24-nm  thick  A1203  insulating  layer.  The  outer  conducting  layer 
was  formed  first  with  a  thin  Ti  film  (5.0  nm)  that  augmented  the  adhesion  of  the  final, 
exterior  Au  layer  (20-nm  thick).  The  second  family  of  MIM  devices  was  constructed 
solely  using  evaporation  techniques.  The  first  metal  layer  was  20  nm  of  Ti  evaporated 
onto  a  glass  substrate,  followed  by  evaporation  of  Si02at  a  thickness  of  20-50  nm.  The 
final  outer  layer  was  20  nm  of  evaporated  Au. 

To  streamline  the  process  of  identifying  optimal  fabrication  conditions  for 
electron  emission  and  device  longevity,  we  have  adopted  a  combinatorial  design 
approach,  which  can  be  seen  in  Figure  4.  Each  device  is  fabricated  differently  to  have  its 
own  unique  set  of  properties;  consequently,  each  device  must  be  tested  individually.  The 
electrodes  can  be  biased  in  combinations  to  activate  only  one  MIM  device  at  a  time.  By 
fabricating  a  series  of  different  MIM  devices  on  a  single  substrate,  a  more  accurate 
comparison  can  be  made  between  the  performance  of  devices  grown  with  varied  layer 
thicknesses. 


Figure  4.  Array  of  MIM  devices  deposited  on  a  glass  substrate. 


8 


3.1  Aluminum  oxide  insulating  layer 

The  first  class  of  MIM  devices  were  fabricated  with  a  A1203  insulating  layer. 
Anodization  was  performed  ex  situ  after  evaporation  of  a  75.0  nm  A1  film  onto  a  glass 
substrate.  Anodization  is  an  electrochemical  method  of  creating  a  thin  insulating  film. 

For  this  experiment,  the  A1  anode  is  oxidized  by  passing  a  constant  current  through  an 
aqueous  0.1M  ammonium  tartrate  solution  to  an  inert  Pt  cathode,  generating  the 
following  two  half  reactions: 

Anode:  2A1  +  3H20  — >  6e  +  A1203  +  6H+  Cathode:  2H+  +  2e'  —■ *  H2 

The  thickness,  dox,  of  the  oxide  can  be  estimated  based  on  the  final  anodization 
potential,  Vmod,  according  to  the  equation 
djnm)  =  1.3  x  Vanod  +  2.0  nm.3 

In  the  experiment,  the  final  anodizing  voltage  was  approximately  17  volts,  which  yields 
and  insulator  thickness  of  approximately  24  nm.  After  the  anodization  procedure,  the 
substrate  was  cleaned  with  ethanol,  dried  with  Ar  gas,  and  then  reinserted  into  the 
vacuum  chamber  to  complete  the  fabrication.  The  metal  overlayer  in  this  device 
consisted  of  an  evaporated  5.0  nm  Ti  layer,  that  serves  to  enhance  the  adhesion  of  the 
final  evaporated  Au  layer  (20.0  nm  thick). 

3.2  Silicon  oxide  insulating  layer 

The  second  family  of  functioning  MIM  designs  was  fabricated  and  tested  entirely 

in  situ  using  evaporation  methods  exclusively.  The  first  metal  layer  was  20.0  nm  of  Ti 

evaporated  onto  a  glass  substrate,  followed  by  evaporation  of  Si02  at  a  thickness  of  20-50 

nm.  The  final  outer  layer  was  20  nm  of  evaporated  Au.  To  help  wet  the  silicon  oxide 

layer,  a  2.5  nm  layer  of  titanium  was  sometimes  evaporated  prior  to  the  gold  layer. 
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3.3  Performance  of  MEM  devices 


The  conducting  metal  layers  of  the  nanolaminate  device  were  biased  such  that  hot 
electrons  tunneled  from  the  base  metal  layer  through  the  oxide  layer  to  the  conducting 
overlayer. 4  The  differential  conductance  (dl/dV)  across  the  Ti/Si02/Au  device  varies 
dramatically  with  applied  voltage.  Figure  5  shows  how  the  device  demonstrates  negative 
differential  conductance  when  the  applied  bias  is  between  5-6  Volts.  This  implies  that 
an  increase  in  applied  voltage  leads  to  a  decrease  in  the  current  flowing  across  the  device. 

4 
3 
2 

Differential  1 
Conductance  0 
dl/dV  (kO_1)  -i 
-2 
-3 
-4 

Figure  5.  Differential  conductance  across  Ti/Si02/Au  MIM  device  as  a  function  of 
applied  voltage.  Positive  and  negative  voltage  ramps  show  similar  behavior. 
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A  portion  of  the  hot  electrons  was  emitted  from  the  metal/vacuum  interface.  Figure  6 
shows  how  the  emission  current  depends  on  the  voltage  applied  across  the  metal  layers. 
No  electron  current  is  expected  below  5  V,  because  the  electron  energy  must  exceed  the 
workfunction  of  the  gold  surface.  No  appreciable  emission  current  was  observed  until  a 
10  V  bias  was  applied,  at  which  point  the  emission  current  began  to  increase 
significantly.  As  the  bias  potential  was  ramped  to  15  V,  the  emission  current  increased 
by  many  orders  of  magnitude.  This  nonlinear  behavior  underscores  the  nonclassical 
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nature  of  the  tunneling  phenomonon  associated  with  MIM  technology.5  The  maximum 
emission  current  density  measured  from  most  MIM  devices  is  in  the  range  of  1  mA/m2. 


Emission 
Current  (pA) 


Applied  Voltage  (V) 


Figure  6.  Current  of  electrons  ejected  into  the  vacuum  as  a  function  of  voltage 
applied  across  the  MIM. 


The  exoelectron  energy  distributions  are  measured  with  a  hemispherical-sector 
electrostatic  energy  analyzer.  Ideally,  the  electrons  emitted  by  the  MIM  device  would  be 
monoenergetic,  but  many  electrons  undergo  scattering  in  the  lattice,  leading  to  a 
distribution  of  energies..  The  energy  distribution  of  the  emitted  electrons  shown  in  Fig.  7 
suggests  that  a  significant  portion  of  the  distribution  is  associated  with  quasi-ballistic 
electrons  (minimal  energy  loss),  and  the  remainder  represents  those  that  have  undergone 
significant  inelastic  scattering  within  the  solid.  Theoretically,  the  maximum  energy  with 
which  a  ballistic  electron  would  escape  the  surface  equals  the  applied  bias  potential 
minus  the  work  function  (<P)  of  the  exterior  metal  (in  this  case  Au,  which  has 
0  =  5.5  eV).  For  example,  a  10  V  bias  would  produce  exoelectrons  with  kinetic  energies 
below  4.5  eV.  This  is  consistent  with  the  data  in  Fig.  7  if  one  considers  the  instrumental 
broadening  of  the  energy  distribution. 


11 


